A shock tube was used to study acoustic wave propagation in natural sandstone samples collected from the Lyons, Fox Hills, Berea, and Bentheimer formations. These samples had a permeability range of 0.3 to 3000 mD and a porosity range of 9 to 24 percent. Experimental results were obtained for both fully saturated and partially saturated specimens. Empirical information collected on wave velocities, attenuation and pore pressure is compared to a one-dimensional model. Such a comparison demonstrates that the model accurately predicts wave velocity but overestimates amplitude. For both the Berea and Bentheimer sandstone, the slow compressional wave was observed for permeabilities down to 200 mD. No slow wave was observed in any partially saturated samples. A fracture induced into one of the Berea samples parallel to the wave propagation direction produced inconclusive results. Shock Tube data has shown that the reflection coefficient at the interface between the water and the top of the sample decreased sharply if a slow wave was present. Further insight might be gained by additional experiments in the permeability range of 10 to 200 mD in which the slow P-wave "disappears".
Introduction
Biot developed macroscopic equations for the propagation of elastic waves in poro-elastic medium in 1956 (Biot, 1956 a,b) . Besides the existence of a fast compressional wave and a shear wave, Biot's theory predicted the existence of a third wave mode often referred to as the compressional slow wave. The observation of the slow compressional wave has sparked much interest in recent years. This is due to the fact that this wave offers a unique opportunity to study material properties such as permeability and tortuosity.
Past work by Smeulders (1992) and others has shown that the slow wave is diffusive at low frequencies and propagatory at high frequencies. The Biot characteristic frequency is the one frequency near which propagation and diffusion effects have approximately equal contributions. The fast compressional wave is characterized by the simultaneous compression of the pore fluid and the matrix material. The slow compressional wave is characterized by the out of phase movement of the pore fluid and the matrix material (Kelder and Smeulders, 1997) .
This latter phenomenon explains why slow P-wave behavior is coupled so closely to permeability. Observations show that the slow compressional wave always has a velocity slower than the compressional wave velocity of the pore fluid. This makes intuitive sense because the slow wave velocity can be considered as the average velocity of the pore pressure pulse traveling the torturous path of the sample's pore structure. Following this logic, the ratio of the connate fluid compressional wave velocity to the bulk slow wave velocity should give a direct measure of tortuosity. This result can be further extrapolated to steady state permeability using a relationship such as the Kozeny equation. Although somewhat contradictory to what is stated above, Kelder (1998) and Peeters (1999) have shown that compressional slow wave velocity may be directly related to steady state permeability, k 0 , by the following equation:
Here, V pf is the compressional fast wave velocity, V ps is the compressional slow wave velocity, η is fluid viscosity, φ is the porosity as a fraction of bulk volume, ρ b is the bulk density, K f and K b are respectively the fluid and bulk moduli, G is the shear modulus and f(ω)is a function of frequency ω that approaches one for ω equal to zero. This equation is only valid when both the ratios of fluid over matrix moduli (K f /K s ) and bulk over matrix moduli (K b /K s ) are much smaller than one. As a result, measurements of the compressional slow wave velocity have the potential of estimating in situ rock permeability once relationships between tortuosity, permeability and slow P-wave velocity are better understood.
Besides relating the slow compressional wave velocity to permeability, there has been much interest in whether the presence of the slow P-wave should be taken into account in the energy balance of seismic waves. This was investigated by comparing reflection coefficients determined from the shock tube measurements with those reflection coefficients derived by traditional means.
Experimental Configuration
Shock tube experiments were performed at the Eindhoven University in the Netherlands. The shock tube consists of a pipe 10 m tall with an inner diameter of 77mm. Rock samples are inserted at the bottom where pressure transducers can be placed above, below and along side the sample at 5-cm intervals. The sample is submerged in water, above which a column of air and a high-pressure vessel are located. The high-pressure vessel is sealed by a plastic membrane and is charged to a selected source pressure. When the membrane is ruptured via an electrical current passed through a copper wire, the resulting step-like pressure pulse propagates through the air, the water column, and finally through the sample.
For these experiments, samples with a length of about 35 cm and diameter of 76mm were used. The 0.5-mm water filled annulus between the tube wall and sample is too small to accommodate guided waves. The shock tube configuration is depicted in Figure 1 . Details of the 5 sandstone samples that were used are listed in Table 1 .
Data Modeling and Analysis
Figure 2 presents data for a fully water saturated Bentheimer sandstone sample. Complete saturation was achieved by evacuating the sample, flushing it with carbon dioxide, re-evacuating the sample and then flushing it with water.
A source pressure of 3 Bar was used for this experiment. Pressure amplitude versus time is plotted for a transducer located 10cm below the top of the sample. Also on this plot are data calculated using the one-dimensional modeling program discussed in Wisse (1999) .
The program uses Biot theory to simulate one-dimensional wave propagation in porous materials.
At a permeable rock water interface, part of the wave energy is reflected and part is transmitted within the sample as both fast and slow compressional waves. Depending on the axial strain and pore pressure at some distance below the top of the sample, the fast compressional wave arrival will manifest itself as a step like increase in pressure amplitude followed by a short plateau. After this plateau the arrival of the compressional slow wave is identified by a decrease in pressure amplitude followed by a pressure increase with a low, dispersive slope. The observed initial decrease in pressure amplitude for both the fast and slow Pwave may be due to a coupling effect between the pressure transducers and the shock tube wall.
The arrival of the fast compressional wave can be seen at approximately 0.6 ms. At approximately 0.8 ms the arrival of the slow compressional wave commences. Wave speeds can be determined from the time interval between the first arrival of the fast and slow pressure waves at different transducer locations. The calculated velocities at the high frequency limit are listed in Table 1 . (Kelder 1997) could contribute to such attenuation. These mechanisms would be difficult to incorporate into the model due to the fact that they are strongly dependent on parameters governing the rock's microstructure that can not yet be adequately quantified (Winkler and Murphy III, 1995) . Additional causes of this amplitude difference may be due to the coupling problems between the rock and the transducer as well as the rock not being 100 percent saturated with water.
Varying the range of source pressures from 1-4 bars has demonstrated two things. First, the amplitude of the wave increases linearly with source pressure. Second, no relation between source energy and the shape of the signal was observed. This indicates that the wave propagation process is independent of source pressure and that we are still in the linear elastic domain in this pressure range.
In order to estimate the effect of fractures on the propagation of the slow wave, data were collected on both a visually intact and fractured sample of the Berea sandstone. A fracture in the sample was propagated to 7 cm below the water sample interface. The data for the fractured, unfractued and 1-D model prediction can be found in Figure 3 . These data are from a transducer 5 cm below the top of the sample with a source pressure of 3 bar.
The slow wave arrival occurs close to the model's prediction for the unfractured case. In this same region of the plot, the fractured rock data appears much more diffusive. The reason for this is not completely understood. Perhaps a guided wave travelling through the fracture is masking the arrival of the compressional slow wave. In any case, these results show no strong influence of fractures, but further studies on fractured rocks are planned.
Reflection coefficients (Table 1 ) from the shock tube data were determined by taking the ratio of the relative amplitudes of the direct and reflected arrivals recorded by the pressure transducer above the sample. Considering these values, a relationship of reflection coefficients to permeability and porosity is not evident. Further insight into this matter was gained by calculating the reflection coefficient, R, by traditional means:
Where in this two layer case, ρ 1 and v 1 are the density and fast compressional wave velocity of the first layer and ρ 2 and v 2 are the density and compressional fast wave velocity of the second layer. It is expected that a sample with low porosity and permeability will reflect more of the incident energy and propagation will be primarily through the rock's Table 1 . Sample permeability, porosity, fast P-wave velocity, slow P-wave velocity, calculated reflection coefficients and shock tube determined reflection coefficients for all samples tested. matrix. However, as previously shown, for samples with permeability over 200 mD, part of the energy is reflected and part of the energy is transmitted both as compressional fast and slow waves. The comparison of the R-values calculated by traditional means with those determined via shock tube measurements should give an indication of the energy losses in seismic data due to the conversion of some of the energy into a slow compressional wave. A list of reflection coefficients determined by traditional means is presented in Table 1 . As expected, the two reflection coefficient values closely coincide only when the rock has relatively low porosity and permeability and when no slow wave was observed.
Berea Sandstone Factured & Unfractured Data
An additional question that this study would have liked to answer is whether the slow wave can be detected in natural samples with mixed fluid phases. To this end, we attempted to detect the slow wave in samples only partially saturated with water. Data collected on partially saturated samples of the Berea sandstone shows no indication of a compressional slow wave. This is further support that the slow compressional wave is quickly attenuated in partly saturated rocks that have high effective fluid mixture compressibility.
Conclusions
It has been shown that it is possible to detect the Biot compressional slow wave in natural rocks with permeabilities as low as 200 mD using a shock tube.
Results from the fractured and unfractured Berea sandstone are inconclusive because no significant fracture effect was observed. The slow compressional wave was not detected in our samples containing partial water saturation. A better means of monitoring water saturation needs to be developed in order to arrive at a stronger relationship between partial water saturation and slow wave propagation in natural rocks. The absence of a slow P-wave in samples with a permeability below 200 mD coincided with the agreement between measured and calculated reflection coefficients. Above this permeability level, the reflected energy is lower than calculated which is probably due to the occurrence of slow P-waves. Future work will comprise of measurements on rock samples with permeabilies in the 50 to 500 mD range. This will provide a better picture of the energy losses attributed to incident wave conversion at layer boundaries into slow P-waves as well as lower the permeability for which the slow P-wave has been detected in natural rocks using a shock tube. The strong dependence of the slow P-wave on surface coupling will also be further investigated.
